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The filamentous fungal pathogen Aspergillus fumigatus secretes hydrolytic enzymes to acquire nutrients from host
tissues. The production of these enzymes exerts stress on the endoplasmic reticulum (ER), which is alleviated by two
stress responses: the unfolded protein response (UPR), which adjusts the protein folding capacity of the ER, and ER-
associated degradation (ERAD), which disposes of proteins that fail to fold correctly. In this study, we examined the
contribution of these integrated pathways to the growth and virulence of A. fumigatus, focusing on the ERAD protein
DerA and the master regulator of the UPR, HacA. A AderA mutant grew normally and showed no increase in sensitivity
to ER stress. However, expression of the UPR target gene bipA was constitutively elevated in this strain, suggesting that
the UPR was compensating for the absence of DerA function. To test this, the UPR was disrupted by deleting the hacA
gene. The combined loss of derA and hacA caused a more severe reduction in hyphal growth, antifungal drug resistance
and protease secretion than the loss of either gene alone, suggesting that DerA and HacA cooperate to support these
functions. Moreover, the AderA/AhacA mutant was avirulent in a mouse model of invasive aspergillosis, which contrasted
the wild-type virulence of AderA and the reduced virulence of the AhacA mutant. Taken together, these data demonstrate

that DerA cooperates with the UPR to support the expression of virulence-related attributes of A. fumigatus.

Introduction

Invasive aspergillosis is a life-threatening opportunistic infec-
tion caused by molds in the genus Aspergillus, most commonly
Aspergillus fumigatus." The infection is acquired by the inhalation
of aerosolized conidia that, if not effectively cleared by the immune
system, germinate into hyphae that can rapidly spread to other tis-
sues. Although the conidia of filamentous fungi contain sufficient
ribosomes to initiate germination in the lung, they lack the protein
synthetic capacity to sustain hyphal growth. Thus, the early stages
of germination involve a burst of ribosome production to meet the
unique demands of polarized hyphal growth.>* In addition, an
expansion of the endoplasmic reticulum (ER) must also occur at
this time to accommodate the ribosomes that are responsible for
translocating proteins into the ER that are needed for filamentous
growth, such as membrane proteins, enzyme complexes required

for cell wall synthesis and secreted hydrolytic enzymes.>
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The ER is the entry point for the secretory pathway and pro-
vides the necessary intracellular environment to fold proteins into
a stable tertiary structure before delivery to the distal components
of the secretory system. When the protein folding capacity of the
ER becomes overwhelmed, either in response to adverse envi-
ronmental conditions or a sudden increase in secretory capacity,
misfolded protein can accumulate in the ER.” Abnormally folded
proteins illegitimately associate with other proteins in the ER
lumen, creating toxic aggregates that disrupt ER homeostasis.®’
Two of the major pathways responsible for mitigating the ensuing
stress are the unfolded protein response (UPR)” and ER-associated
degradation (ERAD)." The UPR restores ER homeostasis by
increasing the expression of proteins involved in protein folding
and secretion. The pathway is triggered by the ER-membrane
protein Irel, which constitutes the major sensor of the fungal
UPR.”*'2 The presence of misfolded proteins triggers the activa-
tion of Irel, which in turn activates a transcription factor known
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Figure 1. Deletion of A. fumigatus derA. (A) Deletion strategy for derA.
The entire derA open reading frame was replaced with the hygromycin
resistance cassette (HYG) as shown. Southern blot analysis of Nsil-
digested genomic DNA using a probe located in the 5' flanking region
(P1) revealed the predicted truncation of a 9 kb wt Nsil fragment by the
replacement of derA with HYG. Confirmation of derA deletion was ob-
tained using a probe located within the derA open reading frame (P2).
(B) Northern blot analysis of bipA expression in the absence of ER stress.
Equal numbers of conidia from the indicated strains were inoculated
into liquid YG medium (5% yeast extract/20% glucose) and shaken at
200 rpm for 16 h at 37°C. The steady-state levels of bipA mRNA in the
two strains were then compared by northern blot analysis as described
in Materials and Methods. Equal loading was confirmed by SYBR-green
staining of the ribosomal RNA (rRNA) bands.

as HacA in filamentous fungi.''¢

The HacA protein translocates
to the nucleus, where it increases the transcription of genes that

encode proteins with functions in protein folding and secretion,
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such as the ER-resident chaperone Bip."*”!8 Polypeptides that
ultimately fail to acquire the appropriate conformation are dis-
posed of by ERAD, a multi-step process that begins with the
selective recognition of misfolded proteins in the ER."” The aber-
rant proteins are transferred across the ER membrane into the
cytosol, where they are ubiquitinated on the cytosolic face of
the ER and finally released for degradation by the proteasome.?
A central component of this pathway is a multi-protein complex
in the ER membrane that is involved in the recognition, transport
and ubiquitination functions of ERAD.?

Despite advances in our understanding of the molecular com-
ponents of UPR and ERAD signaling, the involvement of these
pathways in fungal virulence remains largely unexplored. In this
study, we examined the contribution of ERAD to A. fumigatus
virulence by deleting the derA gene, encoding the A. fumigatus
homolog of Saccharomyces cerevisiae Derlp (Degraded in the ER),
a transmembrane protein that is part of the multi-protein ER
membrane complex required for ERAD.? Although DerA was
dispensable for most aspects of A. fumigatus physiology, it coop-
erated with the UPR to support growth on a complex substrate,
cell wall homeostasis, antifungal drug resistance and virulence.
These findings suggest that components of the UPR and ERAD
pathways could represent promising new targets for novel anti-
fungal drug development because of the central role that they
play in sustaining A. fumigatus virulence.

Results

Disruption of the ERAD gene derA. Derlp is a small ER-resident
membrane protein that was initially identified in a screen for pro-
teins necessary for ER-associated degradation in S. cerevisiae.”
A BLAST search of the A. fumigatus protein database using yeast
Derlp as the query identified a 249 amino acid protein, anno-
tated as DerA (Genbank accession XP_747611), with an E value
of 1 x 10", The two proteins share 24% identity and 49% simi-
larity and have the same predicted four transmembrane helices
followed by a short cytosolic C-terminal domain.?* The pres-
ence of a single predicted intron in the A. fumigatus derA gene
was confirmed by PCR amplification of the full-length cDNA
(data not shown). The derA gene was deleted from A. fumigatus
by replacing it with a hygromycin resistance cassette, resulting
in truncation of a 9 kb Nsil fragment containing the derA gene
(probe 1, Fig. 1A). A second probe located within the open read-
ing frame confirmed the absence of the derA gene in the AderA
mutant (probe 2, Fig. 1A).

A. fumigatus derA is dispensable for growth. The growth
rate of the AderA mutant was indistinguishable from that of
wild-type (wt) A. fumigatus on multiple types of medium (Fig. 2
and data not shown). Moreover, the AderA mutant showed nor-
mal sensitivity to conditions that stress the folding capacity of
the ER, such as high temperature (50°C), treatment with the
reducing agent dithiothreitol, disruption of ER-Golgi transport
with brefeldin A or damaging the cell wall with calcofluor white
(CFW) and Congo red (CR) (data not shown). Thus, derA is
dispensable for the growth of A. fumigatus, even under situations
that cause acute ER stress.
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The absence of a phenotype in
the AderA mutant suggested that
A. fumigatus can compensate for
the absence of DerA function,
possibly by increasing the activ-
ity of the UPR. To determine
whether the UPR was induced by
the loss of derA, we cultured the
organism in the absence of ER
stress and evaluated the steady-
state levels of bipA mRNA by
northern blot analysis. The bipA
gene encodes an Hsp70 family
chaperone that is a transcriptional

target of the UPR in multiple spe-

cies,”"”® including A. fumiga-
tus,® and thus provides a useful
marker for UPR activity. The

four days at 37°C.

Figure 2. DerA synergizes with the UPR to support radial growth. Colony morphology of AderA, AhacA,
AderA/AhacA, and the complemented AderA/AhacA strain (C'). Equal numbers of conidia were spotted onto
the center of a plate of rich medium (IMA) in the presence or absence of 1.2 M sorbitol and incubated for

AderA mutant had higher lev-
els of bipA mRNA relative to wt
A. fumigatus grown under the
same conditions (Fig. 1B). This suggests that loss of derA is suf-
ficient to increase the level of ER stress in the fungus, which
requires compensatory upregulation of the UPR.

DerA synergizes with the UPR to support radial growth and
conidiation. To determine whether the increased UPR activity
in AderA was responsible for the normal growth of this mutant,
the hacA gene was deleted in the AderA background. The absence
of either derA or hacA alone had little-to-no effect on the radial
growth rate of A. fumigatus on rich medium, but the growth of
the AhacA/AderA mutant was severely reduced (Fig. 2). This
indicates that A. fumigatus can tolerate the loss of either derA
or hacA, but not both genes together. The impaired growth of
the AbacA/AderA mutant could be partially rescued on medium
containing sorbitol, an osmoprotectant that prevents swelling
and lysis of strains that lack cell wall integrity.”® However, this
protection was incomplete, suggesting that defects in processes
other than cell wall homeostasis also contribute to the abnormal
growth of this mutant (Fig. 2).

The AderA mutant conidiated normally, producing blue-green
colonies with abundant conidia (Fig. 2). By contrast, conidiation
was reduced in the AbacA mutant and was almost completely
absent in AhacA/AderA colonies (evident by the absence of col-
ony color, Fig. 2). The reduced conidiation of the AhacA mutant
could be rescued by sorbitol, suggesting that the cell wall abnor-
malities previously reported in this strain interfere with asexual
development.”® However, sorbitol was unable to fully restore the
conidiation of the AbacA/AderA mutant, suggesting that cell wall
defects are only partially responsible for the abnormal conidia-
tion of this strain (Fig. 2).

Glucose and N-acetylglucosamine (GIcNAc) constitute the
major cell wall monosaccharides in the A. fumigatus cell wall,
forming interconnected polymers of glucan and chitin, respec-
tively.”” The levels of these monosaccharides were unaffected by
the AderA mutation (Table 1), which was consistent with the
normal sensitivity of the AderA mutant to the cell wall damaging
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agents CFW and CR (data not shown). By contrast, the AbacA/
AderA cell wall had reduced glucose levels and increased chitin, as
well as slight differences in less abundant cell wall monosaccha-
rides (Table 1). These differences could not be entirely attributed
to the previously described effects of the hacA deletion alone,”
suggesting that derA deletion may partially influence cell wall
composition when combined with loss of hacA.

DerA cooperates with the UPR to resist antifungal stress.
The susceptibility of the AderA mutant to caspofungin, ampho-
tericin B and voriconazole was indistinguishable from that of wt
(data notshown), indicating that derA is dispensable for resistance
to the three major classes of antifungal drugs used for the treat-
ment of aspergillosis. We have previously demonstrated that the
AhacA mutant is hypersensitive to these.'* However, the AbacA/
AderA mutant had increased sensitivity to both amphotericin B
and voriconazole relative to the AbacA mutant (Fig. 3), suggest-
ing that DerA contributes to, but is not required for, resistance to
these two drugs. Interestingly, the caspofungin sensitivity of the
AbacAlAderA mutant was no different from that of AbacA (data
not shown), indicating that the combined loss of /acA and derA
does not lead to a generalized increase in drug susceptibility.

DerA cooperates with the UPR to support protease secretion
and growth on a complex substrate. A. fumigatus relies on the
secretion of extracellular hydrolytic enzymes to break down com-
plex substrates into smaller molecules that are easier to absorb.
To determine how loss of derA would affect growth on a sub-
strate that requires degradation by secreted enzymes, the mutants
were plated onto solid medium containing skim milk, a nutri-
ent source that triggers the secretion of proteases by Aspergillus
spp-2** The AderA mutant grew as well as wt on this medium
(Fig. 4A). Although the growth of the AhacA mutant was indis-
tinguishable from wt during the first 24 h of incubation on skim
milk agar, subsequent radial expansion was severely impaired. By
contrast, the AderA/AhacA mutant was unable to form colonies
(Fig. 4A). Microscopic analysis revealed that the AderA/AbacA
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Table 1. Monosaccharide composition of wt, AderA, and AderA/AhacA cell walls

Alkali insoluble

Alkali soluble

wt AderA AderA/AhacA wt AderA AderA/AhacA
Mannose 6.6 £ 04 9.6 £ 0.9* 8.8 + 0.6 1.3+0.6 20+04 23+09
Glucose 459+ 4.1 440+ 1.7 34.8 £2.2% 67.6 £3.9 76.6 £6.7 726+54
Galactose 6.4+1.0 8714 11.5 £ 2.1* 21£1.0 8.3 £3.9*% 8.8+ 3.1*
GIcNAc 246 +2.7 27454 32.1 £3.3* 0.1+£0.2 0.3+£0.2 0.1 +£0.1
GalNAc 0.6 £0.9 2.7 £3.1 0.0+ 0.0 1.5+£1.0 4.2+ 1.6* 1.2+£1.0

Results are expressed as g of individual sugars present in 100 g of the cell wall alkali-insoluble and alkali-soluble fractions. Values represent the
average of four replicates + standard deviation. * denotes a significant difference relative to wt (p < 0.05). The Al/AS ratio was 1.63 + 0.3 for wt, 1.44 +

0.2 for AderA and 1.94 + 0.1 for AderA/AhacA.

AhacA

AderA/AhacA

Amphotericin B

Voriconazole

Figure 3. DerA cooperates with the UPR in antifungal resistance. Conidia
from the indicated strains were spread evenly onto the surface of a plate
of IMA and an Etest strip containing amphotericin B or voriconazole was
applied to the inoculated agar surface. The plates were incubated at 37°C
for 24 h.

conidia were able to germinate and undergo limited hyphal
growth on this medium. However, there was insufficient hyphal
growth to generate a macroscopically visible colony, even after
6 d of incubation, indicating that skim milk is a poor substrate
for this mutant. The AderA/AhacA was also unable to grow on
explants of mouse lung tissue after 4 d of incubation (Fig. 3, Sup.
Data). Since the AderA/AhacA mutant was able to form colonies
after 4 d on medium containing pre-digested proteins (Fig. 2),
the inability to utilize undigested milk proteins or mouse lung tis-
sue as a substrate suggests that derA and hacA are required under
conditions where secretion is needed for nutrient breakdown.
The A. fumigatus genome encodes numerous secreted prote-
ases.”® To determine how loss of derA and hacA would impact
the secretion of these enzymes, we used activity-based protease
substrate profiling to compare the in vitro secreted proteolytic
signatures of AderA/AhacA and wt A. fumigatus. Substrate profil-
ing was accomplished using a library of fluorescence resonance
energy transfer (FRET) labeled peptide substrates.® The FRET
peptide library is comprised of a microtiter plate, with each well
containing up to eight individual peptides. When these substrates
are cleaved, a fluorophore is liberated from a quenching moiety,
resulting in a fluorescence signal that is proportional to the extent
of cleavage. A. fumigatus culture supernatants were used to screen
the FRET library and heat maps were generated from the result-
ing data (Fig. 4B). We found that secreted proteolytic activity
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was reduced in the AderA/AhacA mutant, requiring a 20-fold
reduction in supernatant dilution to achieve comparable levels
of activity seen in the wt supernatants. The overall proteolytic
signature was similar, but not identical, between wt and the
AderA/AbacA mutant (Fig. 4B, parts 1 and 2). Part 3 shows
the relative change in the substrate specificity profile, expressed
as the difference of normalized values in Parts A and B (AderA/
AhacA-wt). Some of the substrates showed increased cleavage in
the AderA/AbhacA mutant (part 3, red), whereas others showed
decreased cleavage (part 3, green), suggesting that the loss of
both derA and hacA caused a dysregulation of protease secretion
rather than a uniform decrease.

DerA cooperates with the UPR to support virulence. The
AhacA mutant was shown in a previous study to have attenuated
virulence, although it still retained the ability to cause 30—-60%
mortality, depending on the infection model that was used."” To
determine whether derA has a role during infection, we com-
pared the virulence of AderA to that of AderA/AhacA in a mouse
infection model. The mortality curve of the AderA mutant was

indistinguishable from wt A. fumigatus (Fig. 5). By contrast,
the virulence of the AderA/AhacA mutant was not statistically
different from the mock-infected controls (Fig. 5), indicating a
requirement for both derA and hacA in A. fumigatus virulence.
Moreover, no viable fungus could be recovered from any of the
AderA/AhacA-inoculated mice after two weeks, indicating that
the mice were able to clear this infection.

Histopathologic analysis of infected lungs was consistent with
these mortality data. The AderA-infected lung tissue was indistin-
guishable from wt-infected lung tissue; multiple germlings were
visible in the bronchioles and alveolar spaces by day 1, and by day
3 there was increased hyphal growth with extensive tissue inflam-
mation and necrosis (Fig. 6). The extent of fungal growth and
tissue damage was relatively lower in the AbacA-infected lungs,
consistent with the known attenuated virulence of this strain."?
By contrast, the AderA/AbacA-infected lungs revealed very lim-
ited fungal growth and pulmonary inflammation, even by day 3.
Some swollen conidia were evident in the AderA/AbhacA-infected
lungs, a few of which had started to form small germlings (Fig. 2,
Sup. Data). However, no hyphae were visible on day 3, and mini-
mal inflammation was evident in the lung parenchyma. These
observations demonstrate that the AderA/AhacA conidia can ini-
tiate growth in the lung, but are unable to sustain the infection
in the presence of a progressively reconstituting immune system.
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This correlates with the results in Figure 4A, demonstrat-
ing that the AderA/AhacA mutant can initiate, but not sus-
tain, growth on a complex substrate in vitro, suggesting that
impaired growth in the host may also involve a reduced
capacity for nutrient acquisition.

Discussion

The attenuated virulence caused by disruption of the UPR
in A. fumigatus suggests that this fungus needs the UPR
to support ER homeostasis in the host environment."”® The
purpose of this study was to determine the extent to which
A. fumigatus also relies upon ERAD, a related pathway that
works in conjunction with the UPR to maintain protein
quality control in the ER.'® The loss of the ERAD protein
DerA had no detectable effect on the growth of the fungus,
even under conditions of severe ER stress, similar to what
has been described for the corresponding mutant in S. cere-
visiae.”® The ability of the AderA mutant to grow normally
in the presence of ER stress contrasts the AbacA mutant,
which is unable to survive when ER stress levels are high.®
This likely reflects the dominant role that HacA plays as
the master regulator of the UPR,* as opposed to the more
specialized role of DerA as part of a multi-protein ER mem-
brane complex.”? No homologs of DerA could be clearly
identified in the A. fumigatus genome, although it is diffi-
cult to rule out the existence of divergent proteins that could
provide functional redundancy. The combined loss of DerA
and HacA caused a more severe reduction in growth capac-
ity than the loss of either gene alone, suggesting that the
functions provided by these two proteins act synergistically
to support the growth of A. fumigatus hyphae. Since precur-
sor molecules that are needed at the growing hyphal tips
are transported in secretory vesicles,” we speculate that the
support functions provided by DerA and HacA to the secre-
tory network are necessary for optimal filamentous growth.

The cell wall of A. fumigatus is divided biochemically into
two fractions: an alkali-insoluble (AI) fraction containing
predominantly 3-(1,3) glucan and chitin, which is thought
to provide the major structural rigidity to the wall, and an
alkali-soluble (AS) fraction comprised of a-(1,3) glucan and
galactomannan.”’” The AderA mutant showed no difference
in either glucose or GIcNAc composition, indicating that the
major structural components of the cell wall are unaffected
by the absence of DerA function. The AderA/AhacA cell wall
contained the same reduction in Al glucose [B-(1, 3) glucan]
that was previously reported in the AhacA mutant,”® which
was consistent with the comparable sensitivity of these two
strains to the B-(1, 3) glucan synthesis inhibitor caspofun-
gin (data not shown). An increase in chitin levels was also
seen in AderA/AhacA, which may reflect compensatory cell
wall changes caused by the loss of both hacA and derA.
Interestingly, the AderA/AbacA mutant was slightly more
resistant to CFW and CR than the AbacA mutant (Fig. 1,
Sup. Data). Since these compounds bind to nascent chitin
chains and inhibit enzymes that connect chitin to glucan,*

—— WT —— AhacA

—&— AderA —¢- AderA/AhacA

Colony diameter (mm)

0 1 2 3
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Figure 4. DerA cooperates with the UPR to support protease secretion and
growth on a complex substrate. (A) Growth on skim milk agar. Conidia from
the indicated strains were inoculated onto the center of a plate of skim milk
agar and colony diameter was monitored for 3 d at 37°C. (B) Analysis of
secreted protease activity using a library of fluorescence resonance energy
transfer (FRET) labeled peptide substrates. Equimolar mixtures of up to 8
individual FRET peptides in each well of a microtiter plate were incubated
with culture supernatants from the indicated strains and heat maps were
generated from the fluorescent signals generated by substrate cleavage,
with each square corresponding to a single assay well. For part 1 (wt; blue)
and part 2 (AderA/AhacA; yellow), the brightness of each square corresponds
to the fluorescence intensity, quantified as fluorescence fold change, which
indicates the extent of cleavage of the FRET peptides in that well. For part 3,
the brightness of a given well indicates the extent to which specific protease
activities are disproportionally decreased (green) or increased (red) in the
AderA/AhacA mutant as compared to wt.
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The three mutants examined in this study
showed a graded virulence phenotype: the
AderA mutant was fully virulent, the AbacA
mutant was partially virulent”® and the AderA/
AhacA mutant was avirulent (Fig. 5). These
observations suggest that HacA and DerA act
synergistically to support aspects of A. fumiga-
tus physiology that have important roles in
virulence, the most obvious of which would

be rapid invasive growth. The inability of the

Figure 5. DerA cooperates with the UPR to support virulence. Groups of 12 mice were im-
munosuppressed with a single dose of triamcinolone acetonide (40 mgkg™ of body weight)
injected subcutaneously on day-1 and infected intranasally with conidia from the indicated
strains on day 0. Percent survival was monitored for 14 days. The Statistical significance was
assessed by Kruskal-Wallis ANOVA. AderA/AhacA is attenuated in virulence relative to wt (p <

0.001), whereas AderA is indistinguishable from wt.

AderA/AbacA mutant to efficiently deliver
plasma membrane and cell wall material to
the hyphal tips would severely limit the inva-
sive growth properties of the mutant hyphae,
a problem that would be compounded by the
reduced ability to secrete sufficient hydrolytic

the lower levels of chitin in the AbacA mutant relative to AderA/
AhacA may account for the difference in CFW and CR sensitivity
between the two strains.

The sensitivity of the AderA/AhacA mutant to amphotericin B
and voriconazole was also greater than that of AbacA. The exact
mechanism for this heightened susceptibility is unclear. Both
of these drugs share the characteristic of disrupting membrane
ergosterol, suggesting that DerA and HacA have synergistic
functions that protect against attack on membrane homeosta-
sis. It is possible that the cell wall changes in the AderA/AbacA
mutant increase access to the membrane and cytosol, thereby
potentiating the effects of these drugs. Alternatively, the more
severe growth defect of the AderA/AhacA mutant could increase
the amphotericin B and voriconazole sensitivity of this strain,
although slow growth is unlikely to be the sole explanation since
the caspofungin sensitivity of AderA/AbacA was no different
from that of AhacA (data not shown). Regardless, the increased
antifungal susceptibility of both AbacA and AderA/AbacA raises
the possibility that disrupting these pathways with novel anti-
fungal therapy could be exploited as a strategy to enhance the
potency of other antifungal drugs.

The AderA/AhacA mutant was unable to form colonies on
medium containing undigested milk proteins as a nutrient
source. Activity-based substrate profiling of in vitro culture
supernatants revealed a reduction in overall secreted prote-
ase capacity that may contribute to the inability of this strain
to grow well on skim milk agar. However, some activities were
actually increased in the AderA/AhacA mutant on a relative basis.
This suggests that the ER stress caused by loss of derA and hacA
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enzymes for nutrient acquisition. In the tran-
sient immunosuppression model used in this
study, the progressively reconstituting immune system would
encounter a much lower fungal burden in animals inoculated
with the AderA/AhacA mutant relative to those inoculated with
the AderA or wt strains, which could account for the observed
clearance of the AderA/AhacA mutant in surviving mice. The loss
of derA and hacA could also reduce the overall viability of the
fungus in the host environment, which would also be expected
to reduce fungal burden. Finally, the cell wall changes associated
with this mutant could expose carbohydrate epitopes on the cell
wall that increase recognition and clearance by the reconstitut-
ing immune system. Regardless of the exact mechanism involved,
the synergism between DerA and HacA in the maintenance of
protein quality control in the ER may represent a vulnerability of
A. fumigatus that could be exploited to increase the efficacy of
antifungal therapy.

Materials and Methods

Strains and culture conditions. The strains used in this study
are listed in Table 3. Conidia were harvested from cultures
maintained on Aspergillus minimal medium (AMM) osmoti-
cally stabilized with 1.2 M sorbitol because this medium best
supported the conidiation of the mutant strains used in this
study. Growth rate analysis was determined by spotting 5,000
conidia onto the center of a 100 mm plate containing 40 mL of
inhibitory mold agar (IMA) or IMA supplemented with 1.2 M
sorbitol (Sigma) where indicated, and monitoring colony diam-
eter over time. IMA is a rich medium that best supported the
growth of the mutant strains used in this study. Growth on skim
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Figure 6. Histopathology of infected lung tissue. Mice were infected as described in Figure 5 and sacrificed on day 1 and 3 post-infection. The lungs
were sectioned at 5 pm and stained with hematoxylin and eosin (H&E) or Grocott methenamine silver (GMS). Microscopic examinations were per-
formed on a Zeiss Axioscope 2-plus microscope using Zeiss Axiovision version 4.4 software. Scale bar represents 100 pm.

milk was performed by inoculating 5,000 conidia onto plates inhibitor brefeldin A (BFA). Sensitivity to cell wall stress was
containing 0.5% skim milk and incubating at 37°C for 3 d. determined by evaluating growth in the presence of calcofluor

Sensitivity to ER stress was determined by monitoring growth ~ white (CEW) or Congo red (CR). All compounds were obtained
in the presence of dithiothreitol (DTT) or the ER-Golgi transport ~ from Sigma. DTT sensitivity was performed by inoculating
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20,000 conidia into each well of a 24-well plate containing liquid
AMM supplemented with the indicated concentrations of DTT.
For analysis of BFA, CFW and CR sensitivity, 2,000 conidia
were spotted in the center of each well of a 24-well plate contain-
ing solid IMA medium supplemented with the indicated concen-
trations of each compound. Plates were photographed after 2-3
d of incubation at 37°C.

Antifungal susceptibility. Antifungal susceptibility was
determined using the Etest diffusion assay (AB BIODISK)
according to the manufacturer’s instructions, with slight modifi-
cation. Briefly, conidial suspensions were prepared in sterile dis-
tilled water and adjusted to 1 x 10° conidia/mL. One milliliter of
the conidial suspension was then spread evenly onto the surface
of a 100 mm plate of IMA medium using a glass spreader. The
inoculated agar surface was allowed to dry for 20 min before
Ectest strips containing amphotericin B, caspofungin or voricon-
azole, were applied. The plates were incubated at 37°C for 24 h
before being photographed.

Deletion and reconstitution of the A. fumigatus derA gene. All
primers used in this study are shown in Table 2. The annotated 4.
fumigatus derA gene (Genbank accession XP_747611) is predicted
to contain a single intron and this was confirmed by PCR ampli-
fication of reverse-transcribed RNA isolated from vegetative cul-
tures using a 5' primer 16 nt upstream of the ATG (5-CTC GAT
CTC CGT CGT AAT G) and a 3' primer located 126 nt down-
stream of the predicted stop codon (5-TAA GCC GCT TCCTTC
TCA G). The AderA gene was disrupted using the splitmarker
deletion strategy.”® The left arm of derA was PCR-amplified from
wt genomic DNA using iProof polymerase (Bio-Rad) with prim-
ers 579 and 580 creating PCR product #1. The first two thirds of
the hygromycin resistance cassette were PCR-amplified from plas-
mid pAN7-1 using primers 395 and 398 to create PCR product
#3. PCR products #1 and #3 were then combined in an overlap
PCR reaction with primers 395 and 579 to generate PCR prod-
uct #5. PCR product #5 was cloned into pCR-Blunt II'TOPO
(Invitrogen) to create p540. The right arm of the derA gene was
PCR-amplified from genomic DNA using primers 581 and 582
to generate PCR product #2. The second two-thirds of the hygro-
mycin resistance cassette was amplified from pAN7-1 with primers
396 and 399 to make PCR product #4, and PCR products #2 and
#4 were combined in an overlap PCR reaction with primers 396
and 582 to generate PCR product #6. PCR product #6 was then
cloned into pCR-Blunt II'TOPO to create p541.

The insert from p540 was excised with HindIII and Xbal and
the insert from p541 was excised with EcoRI. Both inserts were
gel-purified and 10 g of each was used to transform wt-AakuA*
protoplasts as previously described.’” Loss of the derA gene was
confirmed by Southern blot analysis of genomic DNA isolated
from hygromycin resistant monoconidial isolates. Probe 1 (Fig. 1)
was PCR-amplified from wt genomic DNA using primers 579
and 580, whereas Probe 2 was PCR-amplified using primers 584
and 585.

To construct the derA complementation plasmid, the derA
gene including 511 bp upstream of the ATG was PCR-amplified
from wt genomic DNA using primers 586 and 587 and cloned
into pCR-Blunt II-TOPO (Invitrogen) to create p546. A

www.landesbioscience.com

phleomycin resistance cassette flanked by HindIII sites was then
inserted into p546 to create p547. Ten micrograms of the derA
complementation plasmid was linearized with Nzl and trans-
formed into AderA mutant protoplasts. Ectopic reconstitution
of the derA gene was demonstrated by Southern blot analysis of
genomic DNA from phleomycin-resistant monoconidial isolates
using the internal probe Probe 2 (data not shown).

To create the AderA/AbacA mutant, the derA gene was deleted
in the AhacA mutant background using the same splic-marker
strategy described above, except that phleomycin was used as
the selectable marker. The first two-thirds of the phleomycin-
resistance cassette were PCR-amplified from plasmid pBC-phleo
using primers 398 and 408 to generate PCR product #7. PCR
products #1 (derA left arm) and #7 where then combined in an
overlap PCR reaction with primers 579 and 408 to create PCR
product #8. PCR product #8 was then cloned into pCR-Blunt
II-TOPO to create p543. The second two-thirds of the phleo-
mycin-resistance cassette were PCR-amplified from plasmid
pBC-phleo using primers 409 and 410 to create PCR product #9.
PCR products #2 (derA right arm) and #9 were then combined
in an overlap PCR reaction with primers 410 and 582 to generate
PCR product #10. PCR product #10 was cloned into pCR-Blunt
II-TOPO (Invitrogen) to create p544. The inserts from p543
and p544 were excised with EcoRI and 10 g of each was used
to transform AhacA protoplasts. Loss of the derA gene was con-
firmed by Southern blot analysis of genomic DNA isolated from
phleomycin resistant monoconidial isolates (data not shown).

The AderA/AhacA mutant was complemented by simultane-
ously introducing AacA and derA complementing plasmids into
the AderA/AbhacA mutant and selecting for restoration of thermo-
tolerant growth. Briefly, ten g of a previously published AbacA
complementation plasmid'® was linearized with Apal and trans-
formed into AderA/AhacA mutant protoplasts, together with
50 g of the derA complementation plasmid p547 digested with
Nisil.” Since all three commonly used dominant selectable mark-
ers were used for the construction of the AderA/AbacA mutant,
selection was accomplished by screening for restoration of growth
at 45°C. Since the thermosensitive phenotype is primarily attrib-
uted to loss of hacA,”® any transformant that was able to grow
at 45°C would be expected to have at least the return of hacA.
Thus, a molar excess of the derA complementation plasmid was
used in the transformation mix to enhance the probability of
reconstituting both genes in the AderA/AhacA mutant. Following
transformation, the plates were incubated overnight at room tem-
perature to allow for cell wall regeneration. The temperature was
then increased stepwise to avoid heat-shock stress: 4 h at 30°C,
4 h at 37°C and then 45°C for 3 d. Conidia were isolated from
17 colonies that were able to grow within 3 d at 45°C and spread
for isolation on a fresh IMA plate at 45°C. An equivalent num-
ber of AderA/AhacA protoplasts that were not transformed with
DNA did not yield any colonies at 45°C. Southern blot analysis
identified a transformant that had greater than one ectopic inte-
gration of both hacA and derA and this strain was used as the
complemented strain.

Northern blot analysis. A total of 5 x 10° conidia were inocu-
lated into a 50 mL conical tube containing 5 mL of YG (5%
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Table 2. PCR primers used in this study

Primer Gene Sequence (5'-3') Purpose
395 hph CTC CAT ACA AGC CAA CCA CGG deletion of derA
396 hph CGT TGC AAG ACC TGC CTG AA deletion of derA
398 hph/ble CGC CAG GGT TTT CCC AGT CAC GAC AAG TGG AAA GGC TGG TGT GC deletion of derA
399 hph AGC GGA TAA CAATTT CAC ACA GGA TCG CGT GGA GCC AAG AGC GG deletion of derA
579 derA CTG GTATCT GCG GATCTCTT deletion of derA/probel
580 derA GTC GTG ACT GGG AAA ACC CTG GCG GAC AGT GAG TGA GTGATA TG deletion of derA/probel
581 derA TCCTGT GTG AAA TTG TTA TCC GCT TCC GAT GACTTG CTG GCA TT deletion of derA
582 derA TCG AACAGCTCTTTT CTG CC deletion of derA
584 derA GCG ACC GTG GCT ACT TCA GT probe 2
585 derA GTT CAC ATT ATC CGT GTC TG probe 2
586 derA GCC ACT TGA CAT AGA GCCCT AderA complementation
587 derA GAG TAT CCC AAA CAG CTG AC AderA complementation
408 ble TGC TCG CCG ATC TCG GTC AT deletion of derA
409 ble AGC GGA TAA CAATTT CAC ACA GGA TTA AAG CCT TCG AGC GTC C deletion of derA
410 ble GAC AAG GTC GTT GCG TCA GTC deletion of derA
494 bipA GTC TGA TTG GAC GCA AGT TC creation of bipA probe
495 bipA ATC TGG GAA GAC AGA GTA CG creation of bipA probe

M13-derived sequences used for overlap PCR are underlined.

yeast extract/20% glucose) and shaken at 200 rpm for 16 h at
37°C. Total RNA was extracted by crushing the mycelium in
liquid nitrogen and resuspending in TRI reagent (Sigma). The
RNA was fractionated by formaldehyde gel electrophoresis and
equal loading was confirmed by visualization of ribosomal RNA
using SYBR-Green II (Invitrogen). The RNA was transferred
to BioBond nylon membrane (Sigma), and hybridized with a
32P-labeled DNA fragment derived from the A. fumigatus bipA
gene. The bipA probe was PCR-amplified from genomic DNA
using primers 494 and 495. Hybridization intensity and rRNA
loading was determined using a STORM Phosphorimager
(Molecular Dynamics).

Analysis of cell wall polysaccharide composition. Fraction-
ation of the mycelial cell wall was performed according to
Fontaine et al.?® with slight modification. Briefly, the wt, AderA
and AderA/AbacA strains were grown in a 1.2 L fermenter in lig-
uid Sabouraud medium. After 24 h of cultivation (linear growth
phase), the mycelia were collected by filtration, washed exten-
sively with water and disrupted in 50 mL Falcon tubes using
the FastPrep-24 instrument (MP Biomedicals, Solon, United
States). Disruptions were performed at 4°C in two intervals of
one minute at 6 m/s using 1 mm glass beads. The disrupted
mycelial suspensions were centrifuged (3,000 g for 10 min),
and the cell wall fractions (pellet) obtained were washed three
times with water. Subsequent removal of proteins using SDS and
B-mercaptoethanol, alkali-fractionation and estimation of the
hexose composition using gas-liquid chromatography were per-
formed as reported previously."

Mouse model of invasive aspergillosis. Conidia were har-
vested from plates of AMM-glucose supplemented with 1.2 M
sorbitol and resuspended in sterile saline. Groups of 12 CF-1
outbred female mice (22-32 g) were immunosuppressed with a
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Table 3. Strains used in this study

Strain Genotype Source
wt-AakuA akuA::ptrA S. Krappmann3®
AderA akuA:ptrA, derA:hph This study
AhacA akuA:ptrA, hacA::hph ref. 13
AderA/AhacA akuA:ptrA, hacA:hph, derA::ble This study
AderA/AhacAC akuA:ptrA, hacA:hph, derA::ble Tifesiely

(derA/hacA)

single dose of triamcinolone acetonide (40 mgkg™! of body weight)
injected subcutaneously on day -1. The mice were anesthetized
with 3.5% isofluorane and inoculated intranasally with 2 x 10°
conidia in a 20 pl suspension of saline. Survival was monitored
for 14 d. Statistical significance was assessed by Kruskal-Wallis
ANOVA using Sigma Stat 3.5 (p < 0.001).

For histopathology, mice were infected as described above and
sacrificed on days 1 and 3 post-infection. The lungs were fixed
in 4% phosphate-buffered paraformaldehyde, dehydrated and
embedded in paraffin, sectioned at 5 um, and stained with hema-
toxylin and eosin (H&E) or Grocott methenamine silver (GMS).
Microscopic examinations were performed on an Olympus BH-2
microscope and imaging system using Spotsoftware version 4.6.

Analysis of protease secretion. Conidia were inoculated at a
concentration of 1 x 10°/mL in 50 mL of AMM containing 10%
heat-inactivated human AB serum (Innovative Research, Novi,
Michigan). After incubating at 37°C for 72 h at 150 rpm, the
mycelium was removed by centrifugation and the culture super-
natant was diluted 1:100 (wild-type) or 1:5 (AderA/AbacA) in
sterile-filtered HEPES buffer (50 mM HEPES, 100 mM NaCl,
10 mM CaCl,, pH 8.0). These dilutions were found to give com-
parable fluorescence intensity values in preliminary experiments.
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A FRET peptide library comprised of 512 microtiter plate wells,
each containing an equimolar mixture of up to eight individual
peptides, was obtained (Mimotopes, Clayton, Australia).?! Each
well (5 nmol of peptide) was dissolved in 5 wL 50% acetonitrile
in ultrapure water and further diluted in 45 pL HEPES buffer.
This solution (25 wL per well) was transferred to low volume
black microtiter plates (Molecular Devices, Sunnyvale, CA).
Diluted fungal culture supernatant (20 L per well) was added
to each well. Time-resolved fluorescence data were obtained on
an Analyst HT instrument (Molecular Devices) using excitation
and emission filters of 320 nm and 420 nm, respectively. The flu-
orescence intensity fold change after 5 h at room temperature was
calculated as F, /F, .. and each data set was normalized to the

initial

highest global signal intensity. No fluorescence was observed in

control culture medium lacking fungal supernatant. Heatmaps
were generated from these data in which each square corresponds
to a single assay well (Heatmap Builder, Ashley Lab, Stanford).?
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